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(57) ABSTRACT 

A method and apparatus for active pyrometric measurement 
of the temperature of a body whose emissivity varies with 
wavelength. The emissivity is inferred from reflectivity 
measured at two wavelengths in an irradiation wavelength 
band and extrapolated to a wavelength in an emission 
wavelength band. The extrapolated emissivity is used to 
correct a blackbody estimate of the temperature of the body 
in the emission wavelength band. The extrapolation, being 
temperature -dependent, is done iteratively. Both reflectivity 
and emission measurements are performed via a common 
optical head that is shaped, and is positioned relative to the 
body, so that the optical head has a sufficiently large solid 
angle of acceptance that the measured temperature is inde- 
pendent of superficial roughness of the body. 

35 Claims, 6 Drawing Sheets 
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ACTIVE PYROMETRY WITH EMISSIVITY (iii) equation (3) is valid for two different situations, that in 

EXTRAPOLATION AND COMPENSATION which e(X) and R(X) are integrated over an arbitrary solid 

angle, and that in which €(X) and R(X) are measured in a 

This Application claims benefit of Provisional No. specific direction, as long as both e(X) and R(X) are 

60/123371 filed Mar. 8, 1999. 5 integrated over the same solid angle, or as long as e(X) and 

FIELD AND BACKGROUND OF THE R W are measured in the same direction. 

INVENTION * n act ' vc . pyrometry, the emissivity of an opaque body is 

„ . . , determined by directing radiation of a known intensity at the 

The present invention relates to non-contact, optical bod receivi reflected radiation ff0m me bod inferfi 

determination of the temperature of a body. More 1Q me reflcclivi ^ of me bod from the intensities of the 

particularly, the present invention relates to a method and mcideQt aQd feflected radiali and mbuac fog the reflec- 

apparatus for non-contact, optical determination of the tern- ^ from x {Q obtain lhe emissivit A representative patent 

perature of a wafer of semiconductor material during m thjs fieJd ^ p v g pal Nq 5 029 u7 whicb ^ 

processing for the manufacturing of integrated circuits. A in Corpora ted by reference for all purposes as if fully set forth 

review of the need for wafer temperature monitoring during 15 herein Patton measures ^ t rature of a ^conductor 

processmg car l be foundrn Graham Jackson, Yael Baharav wafcr b dircctm fadiation frQm a a( me back side 

and Yaron Ish-Shalom, The use of temperature monitoring of me wafcr> and { ^ rcflected and emiUed b ^ 

- in advanced-semiconductor mdustry processing , Business wafeft0 a dete ctor via a rotating slottecT disc. The " detector " 

Briefing of the Association of South East Asian Nations: duces si ls ^ afe alternatel representative of the 

Semiconductor Manufacturing Technology, pp. 93-96, 2Q intensity of combined reflected and emitted radiation, rep- 
resentative of the intensity of emitted radiation only, and 

Pyrometry is a well-known non-contact method of deter- representative of background. From these signals, the tem- 

mimng the temperature of a body such as a semiconductor perature of the wafer is inferred. 

wafer undergoing processing. As is well known, pyrometry It ^ well lhatj tf a body has a emissivity, 

infers the temperature of a body from the intensity of the 25 which is constant as a function of wavelength but which may 

electromagnetic radiation emitted by the body at different or may not vary as a function of temperature, then a 

wavelengths (self-emission). According to Planck's radia- radiometric measurement of self-emission in one single 

tion formula, the intensity of the radiation B bX dX emitted by ^ wave length band provides enough data to accurately 

an ideal blackbody in the wavelength band between wave- der ive the temperature of the body. However, if the emis- 

length X and wavelength X+dX is given by: 30 s i vit y of t he body is a function of wavelength, then the 

temperature can be accurately derived from self-emission 

E d\ = ~ dX ^ measurements only if the signals are acquired in one or more 

X i cxp(hc/kXT)-i narrow wavelength bands. (One narrow wavelength band 

suffices if the emissivity at that wavelength is known; 

. u * m 1 , t . - 4 . c ,. . , , - 35 otherwise, two or more narrow wavelengths bands axe 

where h is Planck s constant, c is the speed of light, k is j j \ • L . . . & . 

. M t . , r - tU * 4 r t , needed.) This is because a wide band measurement gives a 

Boltzmann s constant, and T is the temperature of the - , \ . , . ^ . , r iL j . ? 

Ki,^irK rt ^,r t« „„c« ~f n ™„i - ♦ • ✓in . w * signal which is proportional to the integral of the product of 

blackbody. In the case of a real body, equation (1) must be * . tt _ r , , . r t ? • • K j 

j-c j r 11 two wavelength-dependent functions, the emissivity and the 

modified as follows: , , , , , n f . 5 c , J . 

blackbody Planck function of equation (2), and as a result, 

40 there is in general no unique correspondence between the 

E x dX = — - — e{\) self-emission signal and the temperature of the measured 

A txp(hc/k\T)-\ object. Pyrometric methods such as Patton's do not use 

narrow wavelength bands, and so are suboptimal for mea- 

where e(X) is the (usually wavelength-dependent) emissivity surin S the temperature of semiconductor wafers undergoing 

of the body. For an ideal blackbody, e(X) is identically equal 45 P roce ss in g- 

to 1 at all wavelengths. For an opaque (zero transmittance) The emissivit y of a sillcon wafer undergoing processing 

body, the emissivity and the reflectivity R are related by a K often a stron S functl0n of wavelength. FIG. 1 shows the 

special case of the law of energy conservation, in combina- emissivity of a silicon wafer with two layers, polysilicon 

tion with KirchoFs law that states that the absorptivity of above sihcon dioxide, deposited on the silicon substrate of 

the body and the emissivity of the body are equal: 50 me wafer > 35 a function of wavelength. The thickness of the 



silicon dioxide layer is 1000 A. Five different thicknesses of 
polysilicon are shown, as indicated. This wavelength depen- 
It should be noted that equations (1) through (3) hold for dence degrades the accuracy of the temperature measure- 
each wavelength separately., This is important for the d is- ment. 

cussion below about emissivity-compensated temperature 55 This variation of emissivity with wavelength has been 

measurements of bodies with wavelength-dependent emis- addressed by "multi-wavelength pyrometry", most com- 

sivity. monly by a special case thereof, dual wavelength pyrometry. 

With regard to lhe angular distribution of the emitted Stein, in U. S. Pat. No. 4,708,493, uses a dichroic beam 

radiation, and the behavior of c(X) and R(X) as functions of splitter to gather reflected radiation and emitted radiation in 

angle: 60 two identical narrow wavelength bands. The two reflection 

(i) in the case of a blackbody, E^dX is Lambertian: the signals from two separate diode lasers are used to estimate 
radiant intensity per unit steradian is proportional to the emissivity of a body in the same wavelength bands, 
cos^), where 0 is the angle between the line of sight and These emissivity values are then used together wilh the 
the normal to the radiating surface; self-emission signals in the same bands to derive the tem- 

(ii) equation (2) expresses the total intensity integrated over 65 perature of the body. Gat et al., in U. S. Pat. No. 5,114,242, 
all solid angles, whereas the angular dependence of E x dX and Glazman, in WO 97/11340, obtain temperature and 
depends on the physical properties of the radiating object; emissivity in a self-consistent manner from measurements of 
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emitted radiation in several wavelength bands. These and la order to expand the population of wafers that can be 

similar methods require relatively complicated optical sys- measured, and improve the measurement accuracy and 

terns. repeatability, C. I. Systems Ltd. introduced the NTM5, a 

In principle, it is preferable to measure the emissivity second-generation non-contact, in-situ temperature monitor 

directly at the same wavelength as the self -emitted radiation 5 for wafer processing, based on the measurement of the 

is measured. However, application considerations (specific wafer's self-emission. With (he NTM5, C. I. Systems Ltd. 

production processes require different working temperature introduced the concept of "radiance contrast tracking 1 * 

ranges) and engineering considerations (commercially avail- (RCT), augmented by emissivity compensation. This 

able radiation sources and detectors yielding appropriate method is described in U.S. Pat. No. 5,823,681, to Cabib et 

signal to noise ratio) may dictate that the emissivity be al., which is incorporated by reference for all purposes as if 

measured in different wavelength bands than the one in fully set forth herein, and in Michael E. Adel , Shmuel 

which the self -emitted radiation is measured. In general, as Mangan and Yaron Ish-Shalom, "Emissivity compensated, 

part of the design considerations, there is also the need to radiance contrast tracking pyrometry for semiconductor 

measure the self-emission from the same area on the wafer processing", Microelectronic Processors Sensors, SPIE 

as the emissivity is measured (for the emissivity correction Proceedings, Vol. 2091, pp. 311-322, 1993. 

mentioned above), in order to avoid errors associated with 15 Radiance contrast tracking is based on the observation 

non-uniformity of the thickness of films deposited on a that the blackbody Planck function versus wavelength has a 

semiconductor wafer, as a consequence of the dependence of maximum that shifts t o short wavelengths as the tempera- 

the emissivity on the film thickness, as illustrated in FIG. 1. hire rises. As a result,* different temperature ranges can be 

For the past several years, C. I. Systems Ltd., of Migdal measured more efficiently in different wavelength ranges. 
HaEmek, Israel, has been developing and selling systems for 20 Furthermore, the errors introduced in the wafer temperature 
measuring the temperatures of semiconductor wafers during measurement, by factors such as: wafer emissivity, back- 
processing. Their first product, the NTM1, is an instrument ground radiation, and inherent detector and electronic noise, 
that measures the temperature by using the temperature are also wavelength dependent. As a result, in order to be 
dependence of the absorption edge of the indirect band gap able to measure wafer temperature in a relatively wide 
of silicon. This method is described in Michael E. Adel, 25 temperature range (about 100 C to 600 C) with the required 
Yaron Ish-Shalom, Shmuel Mangan, Dario Cabib, and Haim accuracy, the NTM5 was designed to measure at several 
Gilboa, "Noncontact temperature monitoring of semicon- wavelengths simultaneously, by means of several detectors, 
ductors by optical edge sensing", Advanced Techniques for that are sensitive in different regions of the spectrum, in a 
Integrated Circuit Processing H, SPIE Vol. 1803, pp. sandwich configuration. In cases where large wafer to wafer 
290-298, 1993; J. A. Roth, J.-J. Dubray, D. H. Chow, P. D. 30 emissivity variation is expected, the system is augmented by 
Brewer and G. L. Olson, "Feedback control of substrate a wafer emissivity compensation station, which allows e mis- 
temp era lure and film composition during MBE growth of sivity compensation of each wafer by reflection and trans- 
lattice-matched InGaAs on InP", Invited Talk at 9 tM Confer- mission spectroscopy. Application of the NTM5 to wafer 
ence on InP and Related Materials, IPRM "97, Hyannis, M temperature monitoring during Physical Vapor Deposition 

A, May 11-15, 1997; T. J. de Lyon, J. A. Roth, and D. H. 35 (PVD) is described in Michael E. Adel, Shmuel Mangan, 
Chow, "Substrate temperature measurement by absorption- Howard Grunes, and Vijay Parkhe, "True wafer temperature 
edge spectroscopy during molecular beam epitaxy of during metallization in physical vapor deposition cluster 
narrow-band gap semiconductor films", J. Vac. Sci. Technol tools", SPIE Vol. 2336, pp. 217-226, 1994. 

B, Vol. 15 No. 2, pp. 329-336, March/April 1997; and J. A. The NTM5 also addresses another limitation of prior art 
Roth, T. J. de Lyon and M. E. Adel, "In-situ substrate 40 methods in which the light is received by the detector from 
temperature measurement during MBE by band-edge reflec- the wafer over only a limited range of solid angles, a 
tion spectroscopy, Mat. Res. Soc. Symp. Proc. y Vol. 324, pp. limitation that makes the measurement sensitive to superfi- 
353-358, 1994. cial roughness of the wafer. There are two optical configu- 

Absorption edge temperature sensing, as implemented in rations that compensate for superficial roughness: one in 
the NTM1, has, among its other advantages, the advantage 45 which the wafer is illuminated hemispherically (solid angle 
that it exploits a phenomenon related to the shape of the of 2je steradians) by the incident radiation, and in which the 
spectral reflectance curve. Because this method is not based reflected radiation and the self -emitted radiation are col- 
on the intensity of self-emitted radiation, the NTM1 can lected from the same solid angle, and another in which the 
measure the temperatures of wafers processed at lower wafer is illuminated from any solid angle and the reflected 
temperatures, and its accuracy is less sensitive than pyro- 50 and self-emitted radiations are collected hemispherically. In 
metric methods to absolute measurement of the intensity of practice, it suffices to illuminate or receive radiation in a 
radiation. However, the method has disadvantages, such as solid angle of a few steradians. Such a method is imple- 
the fact that interference effects, due to multiple layers of mented in the NTM5, as described in U. S. Pat. No. 
materials of different types deposited on the wafer, tend to 5,823,681. The optics of the wafer emissivity compensation 
distort or wash out the absorption edge effect, effectively 55 station, and of the measurement probes that are used to 
reducing the accuracy and the temperature range of the measure temperature during processing, are designed to 
measurement. In addition, absorption edge sensing is not have identical, relatively large solid acceptance angles, 
suitable for certain types of wafers, for example highly The NTM5 has the following disadvantages: 
doped wafers, because these do not have an absorption edge. 1 . The need for an emissivity compensation station, which 
Obviously, it is desirable that an in-situ temperature monitor, 60 is a separate chamber where the reflectivity and transmit- 
suitable for the production environment, be able to function tance are measured, for the estimation of the emissivity of 
with all or almost all types of wafers. Aversion of the NTM1 each wafer, makes measurements with the NTM5 
with an additional self-emission measurement channel has cumbersome, time consuming, and expensive, 
been developed, to include highly doped wafers in its 2. The emissivity is temperature dependent, and therefore 
repertoire, but the final instrument cost is too high for 65 large inaccuracies may be introduced by the fact that the 
production applications, due to the need for spectral mea- temperature of the wafer during processing is different th an 
surements. the one in the emissivity compensation station. 
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There is thus a widely recognized need for, and it would According to the present invention there is provided a 

be highly advantageous to have a method and apparatus for method for determining a temperature of a body that emits 

accurate, non -contact wafer temperature measurement, that radiation at a plurality of wavelengths, the body having an 

can cope with strong variations of emissivity with wave- emissivity that varies with wavelength, the body being 

length and temperature, and with wafer surface roughness, 5 located in an environment, the body having an absorption 

and at the same time is compact, uses the minimum number edge that depends on the environment, the method including 

of optical components, saves measurement time by avoiding the steps of: (a) determining the emissivity of the body in an 

a separate calibration chamber for emissivity compensation, irradiation wavelength band; (b) inferring the emissivity of 

does not need any moving parts, is sufficiently flexible to be the body in a first emission wavelength band, different from 

adapted to work in different types of wafer production the irradiation wavelength band, from the emissivity in the 

processes, and measures a large number of wafer types. irradiation wavelength band; (c) receiving radiation emitted 

SUMMARY OF THE INVENTION b y ^ body in the first emission wavelength band; (d) 

_ . - , . , measuring a first signal representative of an intensity of the 

It is an object of the present invention to provide a ■« j j* • I c *i_ i_ j_ ■ *u c * 

* — j *• . r emitted radiation received from the body in the first emis- 

non-contact method of measuring the temperature, or semi- • • « « . r 

conductor wafers undergoing processing, that is highly is s ™ ^ckngth band; and (e) inferring the temperature of 

accurate, using an apparatus that is small in size, simple to ? c bod y j™* tb . 6fSt SlgDal 3nd ^ ? C J cmissmty 

use, flexible enough to be adapted to different wafer pro- determined in the first emission wavelength band 

duction processes in different processing chambers, prefer- According to the- present* invention -there -is provided- an - 

ably has no moving parts, is suitable for the largest number apparatus for determining a temperature of a body having an 

of types of wafers, and costs less than known systems. 2 o aDSOr P uon ed & e » including: (a) a radiation source for emit- 

It is an object of the present invention to address a very ting radiation in a first spectral range; (b) a detection 

complex mix of wafer parameters and design requirements, mechanism for detecting radiation in a first subband of the 

such as: wafer temperature range, required temperature first spectral range and in a second subband of the first 

accuracy, optical properties of the wafer including spectral spectral range, and for detecting radiation emitted by the 

emissivity and surface roughness, the need to avoid inaccu- 2S body in at least one emission wavelength band different from 

racies due to stray and background light in the processing the first and second subbands; and (c) a common optical 

chamber, and the availability of commercial optical compo- head for directing the radiation in the first spectral range 

nents (illumination sources, detectors and filters needed for towards the body and for receiving, from the body, the 

the system). As a result of these constraints, the optical radiation in the first and second subbands and the radiation 

design and the algorithms, used to obtain the wafer tern- m ^ at least one emission wavelength band. 

perature on the basis of the measured optical signals, must A j* . .u * • * . 

f . c 11 m.' cj- 1 According to the present invention there is provided an 

be chosen very carefully. This combination of design and r . < ■ • , ti/j-ij 

algorithms is non-trivial, because of the multiplicity of a PP™ for determining a temperature of a body includ- 

parameters involved in the problem, and because of the ^ < a > an °P tlcal he * d for «?™ng .radwoon .emitted by the 

strong wavelength dependence of the infrared radiation bodv > and < b > a mechanism for positioning the optical head 

emitted by a wafer This strong wavelength dependence is 35 relative to the body so that the temperature of the body, as 

due to the wavelength dependence, both of blackbody determined by the apparatus, is substantially independent of 

emission, and of the emissivity of the wafer, according to me superficial roughness of the body, 

equations (1) and (2). The wavelength ranges of the light According to the present invention there is provided an 

illuminating the wafer and of the detection of the reflected apparatus for determining a temperature of a body, includ- 

and self -emitted radiation, must be matched to the specific 40 ing: (a) an optical head, having a distal end, for receiving 

wafer production process (e.g. physical vapor deposition, radiation emitted by the body; and (b) a mechanism for 

rapid thermal processing, chemical vapor deposition, high positioning the optical head with the distal end facing the 

density plasma -chemical vapor deposition, etc.). The lower body; and wherein the distal end is shaped so as to render the 

limit of the temperature range, at which the wafer production temperature of the body, as determined by the apparatus, 

process takes place, is especially important in establishing 45 substantially independent of the superficial roughness of the 

the preferred wavelength range, because at low temperatures body. 

the amount of self-emitted radiation decreases rapidly for According to the present invention there is provided a 

fixed wavelength, reducing signal to noise ratio: however, method of measuring the temperature of each of a plurality 

the signal can be recovered by measuring at longer wave- of workpiece bodies as the workpiece bodies are processed 

lengths. One of the innovative aspects of the present inven- 50 sequentially, including the steps of: (a) providing a reference 

tion is in the fact that both the reflected and self -emitted body; (b) providing an apparatus for directing incident 

radiation may be effectively measured in more than one radiation at the reference body, receiving reflected radiation ' 

wavelength range, despite the fact that only one filter is used from the reference body, receiving emitted radiation from 

in the optical path; and that these ranges and their widths can each workpiece body as the each workpiece body is 

be changed by changing the spectral position and width of 55 processed, and inferring, from the emitted radiation, the 

this filter. This greatly simplifies the apparatus of the present temperature of the each workpiece body; (c) performing an 

invention and reduces its cost. initial calibration of the apparatus with respect to the refer- 

It is an object of the present invention to provide a method ence body, prior to the processing of the workpiece bodies; 

and apparatus for non-contact determination of the tempera- (d) including the reference body in the sequence of work- 

tureof a wafer of semiconductor material during processing, 60 piece bodies, with at least one of the workpiece bodies 

wherein the emissivity of the wafer is measured in two following the reference body in the sequence; (e) performing 

different wavelength bands, the self-emitted radiation of the a subsequent calibration of the apparatus with respect to the 

wafer is measured in a third wavelength band, and then the reference body, during the processing of the workpiece 

temperature of the wafer is inferred by an iterative extrapo- bodies; and (f) for each workpiece body in the sequence: (i) 

lation of the emissivity in this third wavelength band, on the 65 receiving the emitted radiation from the each workpiece 

basis of the blackbody function and the emissivity correc- body, and (ii)inferring the temperature of the each workpiece 

tion. body from the emitted radiation, the inferring of the tem- 
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perature of each at least one workpiece body that follows the 
reference body in the sequence being effected with reference 
to the calibrations. 

According to the present invention there is provided a 
method of measuring the temperature of each of a plurality 5 
of workpiece bodies as the workpiece bodies are processed 
sequentially, including the steps of: (a) providing first and 
second reference bodies having known reflectivities; (b) 
providing an apparatus for directing incident radiation at one 
of the reference bodies, receiving reflected radiation from 10 
the one of the reference bodies, receiving emitted radiation 
from each workpiece body as the each workpiece body is 
processed, and inferring, from the emitted radiation, the 
temperature of the each workpiece body; (c) performing an 
initial calibration of the apparatus with respect to the first 15 
reference body, prior to the processing of the workpiece 
bodies; (d) including the second reference body in the 
■ sequence * of workpiece -bodies^ -with * at - least-one of the 
workpiece bodies following the second reference body in the 
sequence; (e) performing a subsequent calibration of the 20 
apparatus with respect to the second reference body, during 
the processing of the workpiece bodies; and (f) for each 
workpiece body in the sequence: (i) receiving the emitted 
radiation from the each workpiece body, and (ii) inferring 
the temperature of the each workpiece body from the 25 
emitted radiation, the inferring of the temperature of each at 
least one workpiece body that follows the second reference 
body in the sequence being effected with reference to the 
calibrations. 

According to the present invention, incident radiation is 30 
directed at the body, reflected radiation is received from the 
body, and emitted radiation is received from the body, using 
the same common optical head with a wide solid angle of 
emittance and acceptance. This optical head is positioned 
sufficiently close to the body, and is tapered towards the 35 
body, in a way that renders the temperature measurement 
thus obtained substantially insensitive to superficial rough- 
ness of the body. The incident radiation is directed at the 
body, and the reflected radiation is received, in two subbands 
of an irradiation wavelength band, to obtain two emissivity 40 
estimates in these two subbands. The emitted radiation is 
received in an emission wavelength band. The two values of 
emissivity that are determined in the irradiation wavelength 
band are extrapolated to the emission wavelength band, and 
the extrapolated emissivity value is used to correct the 45 
black-body temperature determined in the emission wave- 
length band. Because this extrapolation includes one or 
more temperature-dependent parameters, this extrapolation 
is effected diteratively. 

The incident radiation is emitted by a radiation source in 50 
a first spectral range. The reflected radiation is filtered by a 
passband filter and detected by a first detector in a second 
spectral range and by a second detector in a third spectral 
range. The first subband of the irradiation wavelength band 
is the product of the passband and the first and second 55 
spectral ranges. The second subband of the irradiation 
wavelength band is the product of the passband and the first 
and third spectral ranges. Preferably, the first detector is at 
least partly transparent to radiation in the second subband, 
and the passband filter and the two detectors are in tandem, 60 
with the radiation collected by the optical head traversing 
the filter before being received by the two detectors, and 
with reflected radiation of the third spectral range collected 
by the optical head traversing the first detector and then 
being received by the second detector. 65 

The first detector also detects radiation emitted by the 
body in a first emission wavelength band that is defined by 
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the filter passband and by the second spectral range. 
Optionally, the second detector also detects radiation emit- 
ted by the body in a second emission wavelength band that 
is defined by the filter passband and by the third spectral 
range. Measuring the radiation emitted by the body in two 
emission wavelength bands increases the dynamic range of 
the apparatus. 

The filter passband parameters are selected in accordance 
with the environment in which the body is situated. Most 
preferably, if the body has an absorption edge, the high 
cutoff wavelength of the filter passband is selected in accor- 
dance with the absorption edge, so that the body acts as a 
high-pass filter that blocks short wavelength environmental 
background radiation. 

The apparatus of the present invention also includes a 
control system for activating the radiation source and for 
receiving, from the. .detectors, jelecJricaL ^gnals^representa-.. 
tive of the intensity of the respective radiations detected by 
the detectors. The control system includes a processor for 
processing these signals to provide estimates of the emis- 
sivity of the body in the irradiation and emission wavelength 
bands and, finally, an estimate of the temperature of the body 
based on the measured intensity of radiation emitted by the 
body in the emission wavelength band. 

Another aspect of the present invention is most relevant to 
the measurement of the temperature of workpiece bodies, 
such as semiconductor wafers, that are processed 
sequentially, as those workpiece bodies are processed. 
According to this aspect of the present invention, if the 
radiation source is stable over time, then an innovative 
calibration procedure is implemented to compensate for 
changes over time in the optical interface between the body 
and the detectors, in the detectors themselves and in the 
electronics of the control system. An initial calibration is 
performed using a reference body that is similar to the 
workpiece bodies that are to be processed sequentially. In 
this calibration, incident radiation from the radiation source 
is reflected from the reference body to the first detector. The 
signal produced by the first detector in response to this 
reflected radiation is recorded. Then, the reference body is 
introduced into the sequence of workpiece bodies. When, in 
the course of the sequential processing, the reference body 
arrives again at the apparatus of the present invention, the 
calibration is repeated, to provide another signal from the 
first detector in response to radiation reflected from the 
reference body; and a ratio of a function of the signal from 
the initial calibration to the same function of the signal from 
the subsequent calibration is used to correct the signals that 
the first detector produces in response to radiation emitted 
by the workpiece bodies that follow the reference body in 
the sequence. (Conceptually, this function of the signal can 
be thought of as the identity function, so that the correction 
ratio is the ratio of the two signals themselves; but, as will 
be seen below, this conceptual description is not quite 
accurate.) 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention is herein described, by way of example 
only, with reference to the accompanying drawings, 
wherein: 

FIG. 1 is a plot of emissivities, as functions of 
wavelength, of a silicon wafer with 1000 A of silicon 
dioxide and varying thicknesses of polysilicon deposited 
thereon; 

FIGS. 2A and 2B are schematic illustrations of apparati of 
the present invention; 
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FIG. 3 shows, schematically, various spectra that are 
relevant to the present invention; 

FIG. 4 shows a variant of the quartz rod of FIG. 2A; 

FIG. 5 shows plots of temperature readings, as functions 
of temperature, obtained using the apparatus of FIG. 2. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The present invention is of a method of active pyrometry, 
and an associated apparatus, which can be used to measure 
the temperature of a body whose emissivity may be a strong 
function of wavelength. Specifically, the present invention 
can be used to accurately measure the temperature of semi- 
conductor wafers during processing, in a relatively wide 
range of temperatures, and particularly at relatively cool 
(order of 200° C.) temperatures. 

The principles and operationof-activepyrometry-accord-: 
ing to the present invention may be better understood with 
reference to the drawings and the accompanying description. 

Referring again to the drawings, FIG. 2A illustrates, 
schematically, an apparatus 20 of the present invention, used 
to measure the temperature of a silicon wafer 10 positioned 
on a support 12, which may be either a chuck or a pedestal, 
in a processing chamber 14. Apparatus 20 includes a radia- 
tion source 28, either a wide band radiation source, such as 
a halogen lamp, or a narrow band radiation source, such as 
an LED, for emitting incident electromagnetic radiation 40; 
a filter 30 for filtering reflected radiation 42 and emitted 
radiation 44; two detectors, a silicon detector 32 and a 
germanium detector 34 for detecting filtered reflected radia- 
tion 42 and filtered emitted radiation 44; an optical head 22 
for directing incident radiation 40 from radiation source 28 
towards back side 11a of wafer 10 and for receiving reflected 
radiation 42 and emitted radiation 44 from back side 11a of 
wafer 10 and directing the received reflected radiation 42 
and the received emitted radiation 44 towards filter 30 and 
detectors 32 and 34; and a control system 36 for overall 
control of apparatus 20. 

Optical head 22 includes: a cylindrical quartz rod 26; a 
bifurcated fiber optics cable 24, for conveying radiation 
between quartz rod 26 and components 28 and 30; and 
shutters 23 and 23'. Shutters 23 and 23' are drawn open, with 
their closed positions indicated in phantom. With shutter 23 
open, radiation 40 from radiation source 28 enters branch 25 
of fiber optics cable 24 and propagates via fiber optics cable 
24 and quartz rod 26 to be incident on wafer 10. With shutter 
23 closed, radiation 40 from radiation source 28 is blocked 
from entering branch 25 of fiber optics cable 24. Reflected 
radiation 42 and emitted radiation 44 from back side 11a of 
wafer 10 are collected by quartz rod 26 and propagate via 
quartz rod 26 and fiber optics cable 24 to branch 25* of fiber 
optics cable 24. With shutter 23' open, reflected radiation 42 
and emitted radiation 44 are incident from branch 25' of fiber 
optics cable 24 onto filter 30 and detectors 32 and 34. With 
shutter 23' closed, reflected radiation 42, emitted radiation 
44 and all background radiation are blocked by shutter 23' 
from reaching filter 30 and detectors 32 and 34. 

Quartz rod 26 is inserted into chamber 14 via an aperture 
18 and into support 12 via an aperture 16. Quartz rod is held 
inside chamber 14, by a bracket 46, with distal end 27 of 
quartz rod 26 at a distance from back side 11a of wafer 10 
such that the solid emission/acceptance angle of radiation 
transiting between quartz rod 26 and back side 11a of wafer 
10 corresponds to a cone having an apex angle of at least 
80°. (An apex angle of 180° corresponds to hemispherical 
irradiation.) This angle is sufficiently large for the tempera- 
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ture determined by apparatus 20 to be independent, for all 
practical purposes, of the superficial roughness of back side 
11a of wafer 10. 

Note that the distance between distal end 27 of quartz rod 

5 26 and back side 11a of wafer 10 is exaggerated in FIG. 2A, 
for illustrational clarity. Distal end 27 should be as close as 
possible to back side 11a without touching back side 11a. 

Preferably, the emission maximum of radiation source 28 
is at about 950 nm, with a spectral width of about 80 am 

10 FWHM. The passband of a typical filter 30 is defined by a 
low wavelength cutoff of about 1000 nm, a high wavelength 
cutoff of about 1150 nm and a flat response between the two 
cutoff wavelengths. This passband is suitable, for example, 
for monitoring the temperatures of wafers 10 undergoing 

15 physical vapor deposition. 

Preferably, silicon detector 32 responds to wavelengths in 

- - a band between about 400 nm.and> about 1250 nm,. with* a- 
peak response at about 950 nm. Germanium detector 34 

20 preferably responds to longer wavelengths, in a band from 
about 950 nm to about 2000 nm, with a peak response at 
about 1550 nm. Silicon detector 32 is partly transparent to 
the radiation in the sensitivity band of germanium detector 
34. Silicon detector 32 and germanium detector 34 are 

25 mounted in tandem, as shown. Reflected radiation 42 and 
emitted radiation 44 arriving from optical head 22 via filter 
30 is first incident on silicon detector 32. Reflected radiation 
42 and emitted radiation 44 in the sensitivity band of silicon 
detector 32 is absorbed by silicon detector 32, causing 

30 silicon detector 32 to emit an electrical signal proportional 
to the intensity of the radiation in the sensitivity band of 
silicon detector 32 incident thereupon. Reflected radiation 
42 and emitted radiation 44 in the sensitivity band of 
germanium detector 34 passes through silicon detector 32 to 

35 germanium detector 34 and is absorbed by germanium 
detector 34, causing germanium detector 34 to emit an 
electrical signal proportional to the intensity of the radiation 
in the sensitivity band of germanium detector 34 incident 
thereupon. 

40 Preferably, radiation source 28 is a source such as an LED 
that can be jpodulaje d at high frequencies, and shutter 23 is 
an electronic"shutter. In alternative embodiments 6f the' 
apparatus oi the presenrinvention, in which radiation source 
28 is a slowly switchable source, such as a halogen lamp, 

45 that cannot be modulated at high frequencies, shutter 23 may 
be a mechanical shutter or an electro-optical shutter. An 
electronic shutter or an electro-optical shutter has the 
advantage, over a mechanical shutter, of avoiding the need 
for moving parts. 

so Shutters 23 and 23' are controlled by a control system 36. 
The purpose of shutter 23 is to alternately allow incident 
radiation 40 to reach back side 11a of wafer 10 and block 
incident radiation 40 from reaching back side Via of wafer 
10. When shutter 23 is open, incident radiation 40 reaches 

55 back side 11a of wafer 10 and the signals produced by 
detectors 32 and 34 represent the responses of detectors 32 
and 34 to the combination of reflected radiation 42 and 
emitted radiation 44. When shutter 23 is closed, incident 
radiation 40 is blocked from reaching back side 11a of wafer 

60 10, so no radiation 42 is reflected from back side 11a of 
wafer 10 and the signals produced by detectors 32 and 34 
represent the responses of detectors 32 and 34 to emitted 
radiation 44 only. Subtracting the signals produced by 
detectors 32 and 34, when shutter 23 is closed, from the 

65 signals produced by detectors 32 and 34, when shutter 23 is 
open, provides difference signals that represent the 
responses of detectors 32 and 34 to reflected radiation 42 
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only. Shutter 23' is optional. The purpose of shutter 23' is to detector 34 is the weighted average wavelength obtained 

block all radiation from processing chamber 14 from reach- using this product as a weight. This effective wavelength is 

ing detectors 32 and 34, to allow correction for electronic denoted by ^ in FIG. 3. 

drifts that are internal to apparatus 20. Dashed ]i nc is a representative Planck's function 

Control system 36 also includes a processor 38 that 5 curve, at one particular temperature in the temperature range 

processes the signals from detectors 32 and 34 to obtain an/ of interest during the processing of wafer 10. In this tern- 



estimate of the temperature of wafer 10. 

As an alternative to using shutter 23, control system 3i 
provides incident radiation 40 intermittently by turning 
radiation source 28 on and off. When radiation source 28 is 1 
on, the signals produced by detectors 32 and 34 represent the 
responses of detectors 32 and 34 to the combination of 



perature range, curve 58 grows exponentially with increas- 
ing wavelength in the wavelength range depicted in FIG. 3, 
and the peak of curve 58 is considerably to the right of FIG. 
3. For example, a curve 58 corresponding to a temperature 
of 1450° K. has its peak at about 3 microns, and a curve 58 
corresponding to a temperature of 300° K. has its peak at 



reflected radiation 42 and emitted radiation 44. When radia- about 10 microns. Detector 32 is used to detect emitted 

lion source 28 is off, the signals produced by detectors 32 radiation 44, so that the effective sensitivity spectrum of 

and 34 represent the responses of detectors 32 and 34 to 15 detector 32 to emitted radiation 44 is the product of the 

emitted radiation 44 only. portions of curves 50 and 58 which lie in the passband of 

• - As another, alternative to shutter-23,apparatus 20 includes - ~ 3 A.& e ^ een Y ertica i l°S-3LiSi *?; ,™5 . e ff«2! vc fa 

a rotating slotted disc, similar to the rotating slotted disk sen sitivity spectrum xs shown in FIG. 3 as a dotted line 60. 

taught by Patton, to cause detectors 32 and 34 to receive 1156 effectivc wavelength of the emissivity that should be 

alternately both reflected radiation 42 and emitted radiation 20 uscd m n™*^ the black-body temperature estimate is the 

44 from back side 11a of wafer 10, or only emitted radiation wei ghted average wavelength obtained using this product as 

from back side 11a of wafer 10. a wei g ht - ™s effective wavelength is denoted by in FIG. 

u w . . „„, . , 3. Note that 3 is a function of the temperature of wafer 10 

FIG. 2B shows an alternative embodiment 22' of optical . D , . , e „ . A 7 7 

» ~ .u . „ c r because Planck function 58 is a function of temperature. 

head 22, used to measure the temperature of a wafer 10" 1S „. , . . . ^ 

positioned on a support 12' in a processing chamber 14'. Uke ? iven ™ e emi f lvlt V valuc s ^ at wavelength ^ and e 2 

support 12, support 12' may be either a chuck or a pedestal. and wavcIcn & th *c emissivity e 3 at wavelength Xg is 

Optical head 22' is positioned relative to processing chamber estimated b y linear extrapolation: 

14' to direct incident radiation 40 onto front side 116' of ^-cj+Pfcj-e,) (4) 

wafer 10' and to receive reflected radiation 42 and emitted 30 w ntK ™ ^1. *u 1 c ^ 

radiation 44 from front side 11* of wafer lO'.Like optical pj^Tvn \ Tuv T P * g T\ by 

head 22, optical head 22 includes bifurcated fiber optics P^^fe ^ V experimentally mat, 

cable24. Instead of quartz rod 26, however, optical head 22* * r m^'i V°f Cm ™ y ^ 

includes a focusing optical system that is represented in FIG. ^ ratcd in 1. chosea 35 ^scribed 

2B by a convex lens 27. Focusing optical system 27 and 35 ab ° Ve £ c ° t DQectlOD Wlth FIG - 3 > th * h *™ extrapolation of 

bifurcated fiber optics cable 24 are positioned so that front %^ *T*?TX mGma ^ ea1s whose ff"!"* * 

side 11* of wafer 10* is at one focal plane of focusing optical Wllmn ^ de f ^tolerance. The presence of X 3 in this 

system 27 and distal end 25" of bifurcated fiber optics cable *f™* l0a ma ^ P a ° f «>e temperature of wafer 

24 is at the other focal plane of focusing optical system 27 J° ™ CUrVC 6 °; B«uw the temperature of wafer 10 is not 

Note that both illustrated embodiments of apparatus 20, the 40 I™*? I P T ( - \ ? Z V ? 2 ° * 

embodiment of FIG. 2A that uses optical head 22 and the to d * ermiDe )> ^ » 1S "<» a P™", and 

embodiment of FIG. 2B that uses optical head 22', receive £ B °° , knOWD 3 pnon ' h h * s beeD fo ™ 6 ™P™^? 

reflected radiation 42 and emitted radiation 44 from the ^ m ^ ? m P era,urC f ran Sf f in f c f > P is a quadratic 

location on wafer 10 or 10' upon which incident radiation 40 fi,nctl0n ° f thc tem P crature T of wafer 10: 

impinges. 45 p=t 2 a 1+ ta 2 +a 3 (5) 

FIG. 3 shows, schematically, various spectra, as functions where A„ A^. and A 3 are constants determined by calibrating 
of wavelength K that are relevant to the present invention. apparatus 20 using wafers 10 of known temperature, for 
Curve 50 represents the sensitivity spectrum of silicon example, wafers 10 with embedded thermocouples. When 
detector 32. Curve 52 represents the sensitivity spectrum of measuring the temperature of a wafer 10 of unknown 
germanium detector 34. Curve 54 represents the output 50 temperature, the correct value of P is determined by itera- 
spectrum of radiation source 28. Vertical lines 62 and 63 tion. First an initial value of T is assumed, an initial value of 
represent the low and high cutoff wavelengths, respectively, €3 is determined using equations (4) and (5) and this initial 
of filter 30, so that the effective irradiation spectrum is the value of e 3 is used to correct the measured blackbody 
portion of curve 54 that lies between vertical lines 62 and 63. temperature of wafer 10 to obtain a new value of T. This 
The effective spectral range in which silicon detector 32 55 value of T is used to obtain a new value of e 3 , and the process 
receives reflected radiation 42 is the product of curve 50 and is iterated to convergence. In practice, one iteration step has 
the portion of curve 54 that lies between vertical lines 62 and been found sufficient to achieve the desired accuracy. 
63. The effective wavelength of the emissivity estimate In general, the various wavelength ranges used herein are 
derived by processor 38 from the signal obtained from chosen to be such that wafer 10 is opaque in those wave- 
silicon detector 32 is the weighted average wavelength 60 length ranges. This allows the use of equation (3) to infer 
obtained using this product as a weight. This effective emissivity from reflectivity. If wafer 10 were partly trans- 
wavelength is denoted by X x in FIG. 3. The effective spectral missive in the wavelength ranges used herein, then the 
range in which germanium detector 34 receives reflected general form of Kirchoff's law, 
radiation 42 is the product of curve 52 and the portion of 

curve 54 that lies between vertical lines 62 and 63. The 65 e+R«-i (6) 

effective wavelength of the emissivity estimate derived by where x represents transmissivity, would have to be used, 

processor 38 from the signal obtained from germanium and it would be necessary to obtain estimates of the trans- 
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missivity of wafer 10 at wavelengths X a and ^ In addition, For example, rapid thermal processing (RTP) is per- 

the wavelength ranges used herein are chosen to be suffi- formed at temperatures between about 400° C. and about 

ciently close to each other to justify the approximation, 1250° C. Wafer 10 is heated to these temperatures by heating 

inherent in equation (4), that the emissivity of wafer 10 is a lamps that operate at a temperature of about 3000° C, at 

linear function of wavelength. 5 which temperature these heating lamps emit radiation whose 

Apparatus 20 has the advantage that radiation from wafer maximum intensity is at a wavelength of about 1000 nm. 

10 is measured in three relatively narrow wavelength bands The relative positioning of optical head 22 and wafer 10 is 

using only two detectors 32 and 34 and only one filter 30. that illustrated in FIG. 2A, with optical head 22 directing 

This is in contrast to prior art methods in which one or two incident radiation 40 towards back side 11a of wafer 10 and 

detectors are used together with one narrow filter for each to receiving reflected radiation 42 and emitted radiation 44 

wavelength. This use of fewer components makes apparatus from back side 11a of wafer 10. The heating lamps are 

20 more compact and less costly than comparable prior art positioned on the opposite side of wafer 10 from optical 

apparati. The placement of the low wavelength cutoff of head 22, so that the radiation from the heating lamps is 

filter 30 relatively close to the high wavelength tail of the incident on front side lib of wafer 10. To keep the radiation 

output spectrum of radiation source 28, as illustrated in FIG. 15 from the heating lamps from overwhelming detectors 32 and 

3, has as a consequence that the two subbands of the output 34 at the low end of the desired temperature range, high 

^ spectrum of radiation source 28, in which the two reflectivity wavelength cutoff 63 can be placed at about 955 nm. To 

~ measurements are made; are relatively 'narrow The qualita- " preserve accuracyi'the fTassband mustbe a irelativelyliandw "* 

five difference between sensitivity spectrum 50 of silicon 10 nm, so that low wavelength cutoff 62 is placed at about 

detector 32 and sensitivity spectrum 52 of germanium 20 945 nm. 

detector 34, specifically, that sensitivity spectrum 50 As another example, the temperature range in PVD is 

decreases with increasing wavelength and sensitivity spec- . between about 200° C. and about 600° C, and there are no 

trum 52 increases with increasing wavelength within the strong background radiation sources. Furthermore, PVD 

passband of filter 30, has as a consequence that the respec- deposits an opaque metallic coating on front side lib of 

tive effective wavelengths, X 1 and of the two reflectivity 25 wafer 10 that further blocks the background radiation. This 

subbands, are significantly different. For a similar reason, allows high wavelength cutoff 63 to be placed at about 1145 

the effective wavelength X3 of sensitivity of detector 32 to nm. Note that this high wavelength cutoff 63 is higher than 

emitted radiation 44 is different from both X 1 and X^. high wavelength cutoff 63 of RTP, despite the low-end 

Low and high wavelength cutoffs 62 and 63 in FIG. 3, temperature of 200° C. in PVD being lower than the 400° C. 

1000 nm and 1150 nm, respectively, are illustrational rather 30 low-end temperature of RTP. The weak background radia- 

than limitative. In general, low and high wavelength cutoffs tion of PVD allows a wider passband of about 150 nm, for 

62 and 63 are selected in accordance with the process enhanced signal-to-noise, so that low wavelength cutoff 62 

requirements and in accordance with the processing envi- is placed at about 995 nm. 

ronment of wafer 10. FIG. 4 shows a variant of quartz rod 26, shaped to further 
Wafer 10 typically is transparent to infrared radiation at 35 enhance the effective emission/acceptance angle of quartz 
long wavelengths and is opaque to infrared radiation at short rod 26. Although quartz rod 26 transmits or accepts radiation 
wavelengths. The transition zone between the short wave- over a full hemisphere (180° acceptance angle), fiber optic 
lengths to which wafer 10 is opaque and the long wave- cable 24 limits the effective acceptance angle to about 80°. 
lengths to which wafer 10 is transparent is termed the Therefore, distal end 27 is tapered, to give distal end 27 a 
"absorption edge". This absorption edge is a function of the 40 smaller diameter d t than the diameter of the rest of quartz 
temperature of wafer 10, which in turn is a function of the rod 26. If an untapered quartz rod has an effective accep- 
environment of wafer 10 within chamber 14. Specifically, as tance angle of a, then tapered quartz rod 26 of FIG. 4 has 
the temperature of wafer 10 increases, the absorption edge a larger effective acceptance angle of odjd^ 
of wafer 10 shifts to longer wavelengths. Consequently, The output of radiation source 28 tends to change over 
wafer 10 acts as a high pass filter for environmental back- 45 rime, both because the output of radiation source 28 is 
ground radiation, and high wavelength cutoff 63 is related to tempera hire -dependent and because radiation source 28 
a lower bound on the temperature of wafer 10 that can be tends to deteriorate over time. The variation of the output of 
measured without undue interference from environmental radiation source 28 with temperature is minimized by con- 
background radiation that transits wafer 10 from front side ventional temperature stabilization. The deterioration of 
lib to backside 11a. High wavelength cutoff 63 is selected 50 radiation source 28 over time is compensated by an initial 
with reference to the absorption edge of wafer 10, the lowest calibration of the reflectivity measurements of apparatus 20 
temperature to be measured and the intensity of the back- followed by periodically repeated calibrations at times when 
ground radiation. Under conditions of relatively intense there is no wafer 10 present in chamber 14. 
background radiation, wavelength cutoff 63 must be lower, The initial calibration of the reflectivity measurements of 
to obtain an accurate measure at the lowest desired 55 apparatus 20 is implemented at installation and then is 
temperature, than under conditions of relatively weak back- repeated periodically, preferably monthly. This calibration 
ground radiation. uses a reference wafer 10 of known reflectivity R„ r Refer- 
Low wavelength cutoff 62 is selected to provide a pass- ence wafer 10 can be, for example, a standard bare silicon 
band of the desired width. A relatively wide passband has the wafer at a temperature of at least 300° C With radiation 
advantage of providing a higher signal-to-noise ratio, as 60 source 28 turned on, processor 38 receives from silicon 
more photons are collected by detectors 32 and 34. A detector 32 a signal (voltage) V w when no wafer is present 
relatively narrow passband is advantageous in the presence in chamber 14 and a signal V^when this reference wafer 10 
of relatively intense background radiation, to force effective is present in chamber 14. Subsequently, when a production 
wavelengths X lt ^ and X 3 to be relatively narrow and wafer 10 is present in chamber 14 and a signal V is received 
relatively close to each other, with a consequent increase in 65 from silicon detector 32 by processor 38 with radiation 
the accuracy of the temperature measurement despite the source turned on, the reflectivity R of wafer is 10 expressed 
background radiation. as: 
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If a first reference wafer 10 of known reflectivity R, pro- 
(7) duces a signal V 3 and a second reference wafer 10 of known 
reflectivity R 2 produces a signal V 2 , then the slope a and 
intercept b of equation (8) are: 



This relationship holds because the signals from detector 32 
depend linearly on the intensities of the radiation that 
reaches detector 32 from wafer 10. The portions of signals 
V and that are due to this radiation is assumed to be 
additive with the signal V„ 0 that is received by processor 38 
in the absence of a wafer. 

When apparatus 20 is used in a production mode, there 
usually are times, referred to herein as "idle times", when 
wafer 10 is absent from chamber 14, for example, when 
wafers are transferred from chamber to chamber. In wafer 
processing applications that use single wafer processing 
chambers, the sequence of events is that a wafer 10 is placed 
in chamber 14 for a few minutes for processing and then is 
" removed frbm'chamber 14 while the'next wafer 10"is moved 
into place. In the time interval between the removal of one 
wafer 10 from chamber 14 and the placement of the next 
wafer 10 in chamber 14, apparatus 20 does not see a wafer. 
Therefore, this idle time is used for measurement of V ne> and 
for automatic recalibration of apparatus 20. In the case of an 
apparatus 20 configured as illustrated in FIG. 2 A, i.e., with 
optical head 22 looking at back side 11a of wafer 10 from 
inside support 12, when there is no wafer 10 in chamber 14, 
the only sources of reflected light in chamber 14 that can 
reach quartz rod 26 are the walls of chamber 14, and these 
walls are sufficiently far from quartz rod 26 that the resulting 
reflection signal is very low. Empirically, a value of R less 
than 0.01 corresponds to the absence of a wafer 10 from 
chamber 14. This absence of a wafer from chamber 14 
means that the entire signal V is a result of reflections of 
incident radiation 40 from various optical interfaces in 
optical head 22. If the production process allows the intro- 
duction of a reference wafer 10 into chamber 14 during idle 
time, then the full calibration procedure is repeated, to 
provide new values of both V nf and V no . Otherwise, it is 
assumed that both and V w have changed by the same 
ratio due to degradation of radiation source 28, so the old 
value of V^-is adjusted by multiplying the old value of 
°y WV,^, and then V no is replaced by V. 

The recalibration procedure described above is intended 
for use with an apparatus 20 that is positioned in chamber 14 
to receive reflected radiation 42 from back side 11a of wafer 
10, as illustrated in FIG. 2 A. In that case, the signals 
received by processor 38 from detectors 32 and 24 when 
wafer 10 is absent from chamber 14 are very small compared 
to the signals received by processor 38 from detectors32 and 
24 when wafer 10 is present in chamber 14. Then the value 
of R obtained using equation (7) is relatively insensitive to 
small changes in V w due to environment drift or to noise. If 
apparatus 20 is positioned in chamber 14 to receive reflected 
radiation 14 from front side lib' of wafer 10, as illustrated 
in FIG. 2B, then, when wafer 10 is absent from chamber 14, 
apparatus 20 receives reflected radiation from support 12, so 
that the signals in the absence of wafer 10 from chamber 14 
are comparable to the signals in the presence of wafer 10 in 
chamber 14. Then equation (7) is not adequate, because a 
small change or drift in V w may produce a large error in the 
calculated value of R. In this case, calibration is performed 
using two reference wafers 10 of known reflectivity, to 
significantly improve the accuracy of the compensation for 
the degradation of radiation source 28. It is assumed that the 
signal V obtained from a wafer of reflectivity R is linear in 
R: 



6 = 



10 



(9) 
(10) 



so that the reflectivity R, of a production wafer 10 that 
produces a signal V, is given by: 



(ID 



20 



30 



40 



45 



50 



55 



60 



65 



V=*R+b 



(8) 



The initial calibration is done on the two reference wafers 
10, with both Vj and V 2 being stored in the memory of 
control system 36. Subsequently, the output drift of radiation 
source 28 can be corrected in two ways, analogous to the 
procedure described above in relation to equation (7). The 
first way is to repeat both measurements of V 1 and V 2 prior 
to measuring V of a production wafer 10, and replacing the 
old values of V A and V 2 with the new values of V., and V 2 . 
The second way is to measure the signal provided by only 
one reference wafer 10, say signal V l9 and to assume that V 2 
can be corrected by multiplying the old value of V 2 by the 
ratio of the new value of V x to the old value of V 2 . 

Alternatively, if the output of radiation source 28 is stable 
over time, a similar calibration procedure is used to correct 
for changes over time of the optical interface between wafer 
10 and detectors 32 and 34, of detectors 32 and 34 them- 
selves and of he electronics of control system 36. 

The optical interface between wafer 10 and detectors 32 
and 34 may change over time because of a variety of effects, 
including, inter alia, degradation of quartz rod 26, and 
deposition of some of the material, that is being deposited on 
front side 116 of wafer 10 during the processing of wafer 10, 
on distal end 27 of quartz rod 26. The properties of detectors 
32 and 34 themselves, and of the electronic components of 
control system 36, also may change over time. Similar 
effects also plague prior art systems that are used to infer the 
temperatures of semiconductor wafers, as these wafers are 
processed sequentially in a chamber such as chamber 14, 
from measurements of the radiation emitted by the wafers. 
The standard way to compensate for these effects is to 
calibrate the system initially, using either a calibration wafer 
equipped with an embedded thermocouple or a standard 
blackbody radiation source at a known temperature, and 
subsequently to interrupt the processing sequence, reintro- 
duce the calibration wafer or the standard blackbody radia- 
tion source to the chamber, and calibrate again. In practice, 
this interruption of the flow of wafers through the processing 
chamber, in order to perform the recalibration, is a signifi- 
cant inconvenience. Furthermore, the standard blackbody 
source is a fairly large and cumbersome instrument. 

According to the present invention, an initial calibration 
is performed using a reference wafer 10 in chamber 14. 
Incident radiation 40 from source 28 is reflected from back 
side 11a of reference wafer 10 as reflected radiation 42 that 
is received, after filtering by filter 30, by detector 32. 
Processor 38 records the signal, V^^ that processor 38 
receives from detector 32 as a consequence of the receipt of 
reflected radiation 42 by detector 32. 

Now, reference wafer 10 is included along with the 
workpiece wafers 10 that are actually to be processed, in the 
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wafer cassette that feeds wafers 10, one by one, into cham- 
ber 14 for processing. Note that this inclusion of reference 
wafer 10 in the processing sequence is possible because 
reference wafer 10 lacks a thermocouple. The 
thermocouple-equipped calibration wafer of the prior art can 5 
not be inserted into the processing sequence in this manner. 
When, during the processing sequence, reference wafer 10 
arrives at chamber 14, instead of processing reference wafer 
10, the calibration procedure is repeated. Incident radiation 
40 from source 28 is reflected from back side 11a of wafer 
10 as reflected radiation 42 that is received, after filtering by 
filter 30, by detector 32. As a result of the receipt of reflected 
radiation 42 by detector 32, processor 38 receives a signal 
from detector 32. Because of the changes that have 
occurred in the optical interface between wafers 10 and 
detector 32, in detector 32 itself and in the electronics of 15 
control system 36 since the initial calibration, V wfeir may be 
different than V^.,. Processor 38 calculates the correction 
ratio ~*~ 



(12) 



20 



where is the signal received by processor 38 from 

detector 32 during the initial calibration when no wafer 10 25 
is present in chamber 14 and V/ b is the signal received 
by processor 38 from detector 32 during the initial calibra- 
tion when no wafer 10 is present in chamber 14. Because the 
change overtime in the optical interface between wafer 10 
and detector 32 may include partial occlusion of distal end 30 
27 of quartz rod 26, Vj^' may be different than V^f*. 
Signals, that are received by processor 38 from detector 32 
during the processing of workpiece wafers 10 that follow 
reference wafer 10 in the processing sequence, are multi- 
plied by this correction ratio to compensate for the changes 35 
over time in the optical interface between wafer 10 and 
detector 32, in detector 32 itself and in the electronics of 
control system 36. In particular, the signals from detector 32 
that represent radiation emitted by subsequent workpiece 
wafers 10 are multiplied by this correction ratio prior to the 40 
inferring of the temperatures of these wafers 10 from these 
signals. In this manner, apparatus 20 is recalibrated with 
minimal interruption in the processing of workpiece wafers 
10. 

It should be noted that the same reference wafer 10 need 45 
not be used in both the initial calibration and in the subse- 
quent calibration. For example, both reference wafers 10 
may be substantially identical, and in particular have sub- 
stantially identical reflectivities. Alternatively, two reference 
wafers 10 of known reflectivities (R inSt for reference wafer 50 
10 of the initial calibration and for reference wafer 10 
of the subsequent calibration) are used, with V TOfcr in the 
denominator of the right hand side of equation (12) then 
being multiplied by.R rW T^ Mte . . . . . 

FIG. 5 shows an example of typical measurements per- 55 
formed using apparatus 20. Specifically, FIG. 5 shows 
temperature readings obtained for a highly doped bare 
silicon wafer 10 with an embedded thermocouple, using 
apparatus 20. The abscissa is time. The ordinate is the 
temperature of wafer 10, in ° C, as measured by apparatus 60 
20. Each curve is labeled, on the right side of FIG. 5, with 
the temperature of wafer 10 as measured by the thermo- 
couple during the corresponding experimental run. FIG. 5 
illustrates the actual signal to noise ratio performance 
achieved at the lowest temperature at which apparatus 20 is 65 
normally used, for a wafer undergoing processing by physi- 
cal vapor deposition. The peak to peak noise at 200° C. is 



±2.5° C. The signal to noise ratio is higher at higher 
temperatures because the signal increases with increasing 
temperature while the noise remains about the same. 

While the invention has been described with respect to a 
limited number of embodiments, it will be appreciated that 
many variations, modifications and other applications of the 
invention may be made. 

What is claimed, is: 

1. A method for determining a temperature of a body that 
emits radiation at a plurality of wavelengths, the body 
having an emissivity that varies with wavelength, the body 
being located in an environment, the body having an absorp- 
tion edge that depends on the . environment, the method 
comprising the steps of: 

(a) determining the emissivity of the body in an irradia- 
tion wavelength band; 
.(b) inferring the emissivity of the body in_a first emission 
wavelength band, different from said irradiation wave- 
length band, from said emissivity in said irradiation 
wavelength band; 

(c) receiving radiation emitted by the body in said first 
emission wavelength band; 

(d) measuring a first signal representative of an intensity 
of the emitted radiation received from the body in said 
first emission wavelength band; and 

(e) inferring the temperature of the body from said first 
signal and from the emissivity determined in said first 
emission wavelength band. 

2. The method of claim 1, wherein said determining of the 
emissivity of the body in said irradiation wavelength band is 
effected by steps including measuring at least one reflectiv- 
ity of the body in said irradiation wavelength band. 

3. The method of claim 2, wherein said measuring of said 
at least one reflectivity in said irradiation wavelength band 
is effected by steps including: 

(i) directing incident radiation of a first spectral range at 
the body; 

(ii) receiving at least a portion of said incident radiation 
of said first spectral range reflected from the body; and 

(ui) measuring a signal representative of an intensity of 
said reflected radiation of said first spectral range, using 
a detector sensitive in a second spectral range; 
a product of said first and second spectral ranges being a first 
subband of said irradiation wavelength band. 

4. The method of claim 3, wherein said measuring of said 
at least one reflectivity in said irradiation wavelength band 
is effected by steps further including: 

(iv) passband filtering said received portion of said 
reflected radiation; 

said measuring of said signal representative of said intensity 
of said reflected radiation being effected on said filtered 
radiation, so that said first subband of said irradiation 
wavelength band is a product of said first and* second 
spectral ranges and said passband. 

5. The method of claim 4, wherein said measuring of said 
at least one reflectivity in said irradiation wavelength band 
is effected by steps further including: 

(v) selecting said passband in accordance with said envi- 
ronment. 

6. The method of claim 5, wherein said passband has a 
high cutoff wavelength that is selected with reference to the 
absorption edge of the body. 

7. The method of claim 4, wherein said receiving of said 
radiation emitted by the body is effected by steps including 
passband filtering said radiation emitted by the body in said 
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passband that is used to passband filter said received portion 
of said reflected radiation. 

8. The method of claim 3, wherein said measuring of said 
at least one reflectivity in said irradiation wavelength band 
is effected by steps further including: 

(iv) directing incident radiation of a third spectral range at 
the body; 

(vi) receiving at leas! a portion of said incident radiation 
of said third spectral range reflected from the body; and 

(vii) measuring a signal representative of an intensity of 
said reflected radiation of said third spectral range, 
using a detector sensitive in a fourth spectral range; 

a product of said third and fourth spectral ranges being a 
second subband of said irradiation wavelength band. 

9. The method of claim 8, wherein said measuring of said 
at least one reflectivity in said irradiation wavelength band 

. _ is. effected by steps further including: „. 

(viii) passband filtering said received portions of said 
reflected radiation; 

said measuring of said signals representative of said inten- 
sities of said reflected radiation of said first and third spectral 
ranges being effected on said filtered received portions of 
said reflected radiation, so that said first subband of said 
irradiation wavelength band is a product of said first and 25 
second spectral ranges and said passband, and so that said 
second subband of said irradiation wavelength is a product 
of said third and fourth spectral ranges and said passband. 

10. The method of claim 9, wherein said measuring of 
said at least one reflectivity in said irradiation wavelength 3Q 
band is effected by steps further including: 

(ix) selecting said passband in accordance with said 
environment. 

11. The method of claim 10, wherein said passband has a 
high cutoff wavelength that is selected with reference to the 35 
absorption edge of the body. 

12. The method of claim 9, wherein said receiving of said 
radiation emitted by the body is effected by steps including 
passband filtering said radiation emitted by the body in said 
passband that is used to passband filter said received per- ^ 
tions of said reflected radiation. 

13. The method of claim 6, wherein said first and third 
spectral ranges are substantially identical. 

14. The method of claim 3, wherein said directing of said 
incident radiation at the body, said receiving of said reflected 45 
radiation from the body, and said receiving of said emitted 
radiation from the body all are effected using a common 
optical head. 

15. The method of claim 14, further comprising the step 

of: 

(f) positioning said common optical head relative to the 
body so that said inferred temperature is substantially 
independent of a superficial roughness of the body. 

16. The method of claim 14, further comprising the step 

of:' ' 

(f) providing said common optical head with a shape that 
renders said inferred temperature substantially inde- 
pendent of a superficial roughness of the body. 

17. The method of claim 1, wherein said inferring of the 
emissivity of the body in said first emission wavelength 
band is effected by linear extrapolation. 

18. The method of claim 17, wherein said linear extrapo- 
lation includes a temperature-dependent coefficient, and 
wherein said inferring of the temperature of the body is 
effected iteratively. 

19. The method of claim 1, further comprising the steps 

of: 
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(f) inferring, from said emissivity in said irradiation 
wavelength band, the emissivity of the body in a second 
emission wavelength band that is different from both 
said irradiation wavelength band and said first emission 
wavelength band; and 

(g) measuring a second signal representative of an inten- 
sity of the emitted radiation received from the body in 
said second emission wavelength band; 

said inferring of the temperature of the body then being 
based on said first and second signals and on the emissivity 
determined in said first and second emission wavelength 
bands. 

20. An apparatus for determining a temperature of a body, 
comprising: 

(a) a radiation source for emitting radiation in a first 
spectral range; 

(b) a detection mechanism for detecting radiation in a first 
subband of said-first spectral -range and in- a* second- 
subband of said first spectral range, and for detecting 
radiation emitted by the body in at least one emission 
wavelength band different from said first and second 
subbands; and 

(c) a common optical head for directing said radiation in 
said first spectral range towards the body and for 
receiving, from the body, said radiation in said first and 
second subbands and said radiation in said at least one 
emission wavelength band. 

21. The apparatus of claim 20, further comprising: 

(d) a control system: for activating said radiation source 
to direct incident radiation at the body via said common 
optical head; for receiving, from said detection 
mechanism, a signal representative of an intensity of 
said incident radiation in said first subband reflected 
from the body and detected by said detection mecha- 
nism via said common optical head; for receiving, from 
said detection mechanism, a signal representative of an 
intensity of said incident radiation in said second 
subband reflected from the body and detected by said 
detection mechanism via said common optical head; for 
receiving, from said detection mechanism, at least one 
signal representative of an intensity of said radiation 
emitted by the body in a respective said at least one 
emission wavelength band; and for inferring the tem- 
perature of the body from said signals. 

22. The apparatus of claim 20, wherein said control 
system includes a processor for determining an emissivity of 
the body in said first subband from said signal representative 
of said intensity of said reflected incident radiation in said 
first subband, for determining an emissivity of the body in 
said second subband from said signal representative of said 
intensity of said reflected incident radiation in said second 
subband, for inferring an emissivity of the body in said at 
least one emission wavelength band from said emissivities 
in said irradiation wavelength band, and for inferring the 
temperature of "the" body from said at least one 'signal 
representative of said intensity of said radiation emitted by 
the body in said respective at least one emission wavelength 
band and from said inferred emissivity. 

23. The apparatus of claim 20, wherein said detection 
mechanism includes: 

(i) a first detector for detecting radiation in a second 
spectral range that includes both said first subband and 
a first of said at least one emission wavelength band, 
said first subband being a product of said first and 
second spectral ranges; and 

(ii) a second detector for detecting said radiation in a third 
spectral range that includes said second subband, said 
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second subband being a product of said first and third 
spectral ranges. 

24. The apparatus of claim 23, wherein said first detector 
is at least partly transparent to said radiation in said second 
subband. 5 

25. The apparatus of claim 24, wherein said first detector 
and said second detector are in tandem, so that at least some 
of said radiation in said second subband that is received by 
said common optical head traverses said first detector before 
being received and detected by said second detector. 10 

26. The apparatus of claim 25, wherein said detection 
mechanism further includes: 

(iii) a passband filter, in tandem with said first and second 
detectors, said radiation that is received by said com- 
mon optical head traversing said passband filter before 
being received and detected by said first and second 

. . .detectors,,so..that said first subband and said emission 
wavelength band are defined by both said first detector 
and said passband, and so that said second subband is 
defined by both said second detector and said passband. 

27. The apparatus of claim 23, wherein said detection 
mechanism detects radiation emitted by the body in two 
different emission wavelength bands, said second spectral 
range including a first of said two emission wavelength 2 s 
bands and said third spectral range including a second of 
said two emission wavelength bands. 

28. The apparatus of claim 20, further comprising: 

(d) a mechanism for positioning said common optical 
head relative to the body so that the temperature of the 30 
body, as determined by the apparatus, is substantially 
independent of a superficial roughness of the body. 

29. The apparatus of claim 20, wherein said common 
optical head includes a distal end, the apparatus further 
comprising: 

(d) a mechanism for positioning said common optical 
head with said distal end facing the body; 
and wherein said distal end is shaped so as to render the 
temperature of the body, as determined by the apparatus, ^ 
substantially independent of a superficial roughness of the 
body. 

30. An apparatus for determining a temperature of a body, 
comprising: 

(a) an optical head for receiving radiation emitted by the 45 
body, and 

(b) a mechanism for positioning said optical head relative 
to the body so that the temperature of the body, as 
determined by the apparatus, is substantially indepen- 
dent of a superficial roughness of the body. 50 

31. An apparatus for determining a temperature of a body, 
comprising: 

(a) an optical head, having a distal end, for receiving 
radiation emitted by the body; and- 

(b) a mechanism for positioning said optical head with 
said distal end facing the body; 

and wherein said distal end is shaped so as to render the 
temperature of the body, as determined by the apparatus, 
substantially independent of a superficial roughness of the 
body. 

32. A method of measuring the temperature of each of a 
plurality of workpiece bodies as the workpiece bodies are 
processed sequentially, comprising the steps of: 

(a) providing a reference body; 6 5 

(b) providing an apparatus for directing incident radiation 
at said reference body, receiving reflected radiation 
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from said reference body, receiving emitted radiation 
from each workpiece body as said each workpiece body 
is processed, and inferring, from said emitted radiation, 
the temperature of said each workpiece body; 

(c) performing an initial calibration of said apparatus with 
respect to said reference body, prior to the processing 
of the workpiece bodies; 

(d) including said reference body in the sequence of 
workpiece bodies, with at least one of the workpiece 
bodies following said reference body in the sequence; 

(e) performing a subsequent calibration of said apparatus 
with respect to said reference body, during the process- 
ing of the workpiece bodies; and 

(f) for each workpiece body in the sequence: 

(i) receiving said emitted radiation from said each 
workpiece body, and 

inferring the-temperature- of said -each workpiece" 
body from said emitted radiation, 
said inferring of the temperature of each said at least 
one workpiece body that follows said reference 
body in the sequence being effected with reference 
to said calibrations. 

33. The method of claim 32, wherein each of said cali- 
brations is effected by directing said incident radiation at 
said reference body and measuring a signal representative of 
said reflected radiation from said reference body, and 
wherein said inferring of the temperature of each said at least 
one workpiece body that follows said reference body in the 
sequence is effected with reference to a ratio of a function of 
said signal from said initial calibration to said function of 
said signal from said subsequent calibration. 

34. A method of measuring the temperature of each of a 
plurality of workpiece bodies as the workpiece bodies are 
processed sequentially, comprising the steps of: 

(a) providing first and second reference bodies having 
known reflectivities; 

(b) providing an apparatus for directing incident radiation 
at one of said reference bodies, receiving reflected 
radiation from said one of said reference bodies, receiv- 
ing emitted radiation from each workpiece body as said 
each workpiece body is processed, and inferring, from 
said emitted radiation, the temperature of said each 
workpiece body; 

(c) performing an initial calibration of said apparatus with 
respect to said first reference body, prior to the pro- 
cessing of the workpiece bodies; 

(d) including said second reference body in the sequence 
of workpiece bodies, with at least one of the workpiece 
bodies following said second reference body in the 
sequence; 

(e) performing a subsequent calibration of said apparatus 
with respect to said second reference body^ during the 
processing of the workpiece bodies; and 

(f) for each workpiece body in the sequence: 

(i) receiving said emitted radiation from said each 
workpiece body, and 

(ii) inferring the temperature of said each workpiece 
body from said emitted radiation, 

said inferring of the temperature of each said at least 
one workpiece body that follows said second refer- 
ence body in the sequence being effected with ref- 
erence to said calibrations. 

35. The method of claim 34, wherein each of said cali- 
brations is effected by directing said incident radiation at a 
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respective reference body and measuring a signal represen- 
tative of said reflected radiation from said respective refer- 
ence body, and wherein said inferring of the temperature of 
each said at least one workpiece body that follows said 
reference body in the sequence is effected with reference to 
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a ratio of a function of said signal from said initial calibra- 
tion to said function of said signal from said subsequent 
calibration corrected for said known reflectivities. 
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